Circular dichroism (CD) spectroscopy is a powerful optical technique for the study of chiral materials and molecules. It gives access to an enantioselective signal based on the differential absorption of right and left circularly polarized light, usually obtained through polarization analysis of the light transmitted through a sample of interest. CD is routinely used to determine the secondary structure of proteins and their conformational state. However, CD signals are weak, limiting the use of this powerful technique to ensembles of many molecules. Here, we experimentally realize the concept of photothermal circular dichroism, a technique that combines the enantioselective signal from circular dichroism with the high sensitivity of photothermal microscopy, achieving a superior signal-to-noise ratio to detect chiral nano-objects. As a proof of principle, we studied the chiral response of single plasmonic nanostructures with CD in the visible range, demonstrating a signal-to-noise ratio better than 40 with only 30 ms integration time for these nanostructures. The high signal-to-noise ratio allows us to quantify the CD signal for individual nanoparticles. We show that we can distinguish relative absorption differences for right circularly and left circularly polarized light as small as g min = 4 × 10 −3 for a 30 ms integration time with our current experimental settings. The enhanced sensitivity of our technique extends CD studies to individual nano-objects and opens CD spectroscopy to numbers of molecules much lower than those in conventional experiments.
A n object is chiral when its mirror image cannot be superimposed with the original object. 1, 2 The most prominent examples of chirality are found at all scales in life, from whole organisms to biomolecules such as DNA, most sugars, as well as amino acids, which often occur only in one handedness. 3, 4 Chirality at the molecular level arises from the relative spatial arrangement of the constituent atoms in a molecule; the two mirror-symmetric isomers of a chiral molecule are called enantiomers. Despite their identical chemical composition, enantiomers can have dramatically different biological activities, metabolism rates, and toxicities. 5 Therefore, methods for detecting molecular chirality and separating enantiomers are highly relevant for drug development.
The standard optical technique to study chirality of biomolecules and biomacromolecules is circular dichroism (CD) spectroscopy, 5−7 which gives access to the handedness of a molecule and also provides insight into the secondary structure and the conformational state of proteins. 8, 9 Circular dichroism measurements amount to detecting the differential absorption cross section of the object under study for left circularly polarized (LCP) and right circularly polarized (RCP) light
where σ L and σ R represent the absorption cross sections for LCP and RCP, respectively. The dissymmetry factor, g, defined as
gives a measure of the differential circular absorption cross section normalized by the average absorption cross section.
Equation 1 together with basic symmetry arguments shows that the mirror image of a chiral object presents the same absolute CD signal with the opposite sign. CD measurement as a function of light wavelength gives rise to a CD spectrum. Note that, even though the cross sections for right and left circularly polarized light may be large, the difference is generally very small for molecules, that is, typically g ≤ 10 −3 . 5 Therefore, CD studies on molecules are carried out by measuring the signal from a large number of molecules in ensemble-averaged experiments. 9 Because of the broad applicability of CD spectroscopy in biochemistry, it is highly desirable to improve its sensitivity, so as to analyze much smaller numbers of molecules, thereby reducing the amounts needed for chirality studies of newly synthesized compounds or for monitoring the conformational states of proteins.
To the chemist, chirality is a property of 3D objects which survives averaging over the random orientations of a macroscopic solution, as happens for chiral molecules. In microscopy or nanophotonics, however, we often deal with surfaces and nanostructures 10,11 written on them by lithography. Although they may be chiral in 2D (i.e., such a structure does not coincide with its 2D image in a reflection with respect to a line in its plane), they are not necessarily chiral in 3D because, at least in a first approximation, they obviously present reflection symmetry in their own plane. In this case, dissymmetry in absorption of LCP and RCP light can arise from many different sources. The sample material itself can be chiral, either because of its structure or because of defects induced by the fabrication process. The 2D chiral shape of the structures, although not a source of 3D chirality by itself, can combine with front−back asymmetry to produce 3D chirality. As discussed by Arteaga et al., 12 mirror symmetry of a 2D chiral structure can be broken by the different refractive indices on either side of the interface, by inevitable surface roughness in sputtered or evaporated structures or by the illumination process itself, as incident light usually comes from only one side of the sample. Nonetheless, we use the term circular dichroism in this paper, irrespective of the origin of the observed dissymmetry.
Here, we present our experimental approach to image circular dichroism of single nanostructures, based on the differential detection of absorption by the photothermal effect rather than by the conventional extinction method, thus obtaining a photothermal circular dichroism (PT CD) image. Therefore, the plasmonic nanostructures in the present work are models of CD-active objects and are not used to enhance optical chirality signals, as proposed and realized by other groups. 13, 14 A similar approach, based on thermal lens spectroscopy, was used on solutions by Kitamori's group 15 and very recently has been proposed theoretically for the study of chiral nanoparticles. 16 The photothermal version of circular dichroism achieves an improved sensitivity in the detection of individual chiral nanostructures, as shown below, while relaxing experimental requirements needed for polarization control on the experimental setup. Figure 1 presents a conceptual scheme of the technique. For clarity, we show the scheme for normal photothermal microscopy on the left-hand side and for PT CD on the right-hand side. We illuminate the sample with a heating beam (represented in green/dark green in the figure) that is absorbed by the nano-object under study, for example, a (2D) chiral plasmonic nanostructure, here represented as a left hand. We periodically modulate the polarization state of this heating beam between LCP and RCP at a frequency f m ( Figure  1b ). As the chiral object presents different absorption cross sections for each handedness, the amount of absorbed energy differs for LCP and RCP light. The absorbed energy released as heat through nonradiative channels will thus increase the temperature of the nanostructure and create a nonuniform temperature distribution in the surrounding medium that will have slightly different amplitudes for LCP and RCP, as illustrated in Figure 1b ,f. This local temperature increase creates a time-and space-dependent change in the refractive index Δn(r,t) through the thermorefractive coefficient ∂n/∂T 17−19 of the surrounding medium, which is often called a thermal lens. 20 (In the case of large metallic nanostructures, the temperature increase can modify the structure's optical response, for example, by shifting its plasmon resonance; therefore, large structures themselves can significantly contribute to the photothermal signal.) A second beam, the probe (represented in red in Figure 1a ,b), is used to detect the strength of the thermal lens through interference between the reflection at the substrate−medium interface and the light backscattered by the thermal lens. 18 The small difference in backscattered light is detected by a lock-in amplifier at the polarization modulation frequency f m . As the only difference upon modulation is the circular polarization state, the (a) Scheme of the wide-field-heating photothermal detection of a chiral structure (illustrated as a hand) on a glass substrate. The heating beam is wide (green), and the probe beam (red) is focused to the diffraction limit. The heating beam intensity is modulated between on and off states at a frequency f m . Part of the absorbed power will be released as heat to the environment, creating a thermal lens (in purple) around the absorbing object. The wavevector direction (k) for both beams is shown. (b) Scheme for photothermal circular dichroism, where we modulate the polarization state of the heating beam between left and right circularly polarized light (dark and light green, respectively). The thermal lens is also created in this case (in purple). The wavevector direction (k) for both beams is shown on the right. (c) Time evolution of the heating power for the intensity-modulated photothermal microscopy, following the intensity modulation pattern at f m . (d) Time evolution of the heating power for the polarization-modulated photothermal microscopy. In this case, the heating power is constant and the only change is the polarization state. (e) Time evolution of the absorbed power by the nanostructure under study for the intensity-modulated photothermal case. Naturally, when the heating power is zero, the absorbed power is null. (f) Time evolution of the absorbed power by the nanostructure under study for the polarization-modulated photothermal case. As it is a chiral structure, the absorbed powers for LCP and RCP are different.
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Letter amplified signal will be proportional to the difference between LCP and RCP absorption, which is exactly the circular dichroism signal we seek. Nonchiral particles, having no difference in circular absorption cross sections, will not give rise to any PT CD signal.
Photothermal circular dichroism builds on the wellestablished photothermal microscopy to detect absorbing nanoscale objects such as plasmonic nanoparticles, 17,20−22 single conjugated polymer molecules, 23 and even single small absorbing molecules at room temperature 24 and combines it with the enantioselective signal provided by circular dichroism.
Experimental Setup. Sensing circular dichroism requires precise control of the polarization state. For that reason, great care must be taken with the illumination scheme and the choice of optical components. We implemented the concept of photothermal circular dichroism on a homemade optical microscope using a wide-field heating beam at a wavelength of 532 nm and a tightly focused probe beam at 780 nm. In this way, we still obtain diffraction-limited spatial resolution through the tightly focused probe beam, whereas the polarization of the heating beam is easily controlled thanks to its low numerical aperture (NA ∼ 0.025, corresponding to a spot diameter of 10 μm). Figure 2 depicts a schematic representation of the microscope. The wide-field heating ensures a high-quality circular polarization state reaching the sample. This configuration is also less sensitive to possible lateral shifts in the heating beam due to mechanical drifts, thus improving stability. The heating and probe beams are combined via a nonpolarizing beamsplitter that is placed at a small angle (about 5°) with respect to the heating beam to minimize the incidence angle's effect on the polarization state of the heating beam. We implemented a backward detection for photothermal imaging, where the backscattered probe beam is sent to a fast photodetector, and we suppressed noise efficiently with a lock-in amplifier. We used the "cat-eye reflector" configuration, consisting of a polarization beamsplitter and a quarter-wave plate to maximize the collection of photons scattered at the thermal lens. 19 We want to emphasize here that, despite the wide-field illumination of the heating beam, this technique is still confocal as the probe beam is focused tightly on the sample. To obtain an image, we scan the sample with a translation stage while the overlap of the two beams remains constant.
To implement photothermal circular dichroism, we need to modulate the heating beam's polarization between RCP and LCP. To this end, we use an electro-optical modulator (EOM) to rotate the incoming linear horizontal polarization by 90°at frequencies of ∼100 kHz. We set the EOM principal axis at 45°with respect to the horizontal, and we apply a square modulation of the EOM voltage between the zero-wave plate (V 0 ) and half-waveplate (V π ) values. Thus, after the EOM, we have an alternating vertical (V)−horizontal (H) polarization state. Down the beam path, we use a quarter-wave plate with its axis at 45°to transform these two orthogonal linear states into LCP and RCP, respectively. Additionally, we can add a linear polarizer directly after the EOM to perform conventional, intensity-modulated photothermal imaging. More details about the experimental setup can be found in the Supporting Information.
Results and Discussion. As a model system for photothermal circular dichroism on single particles, we prepared a sample containing 2D nanostructures of either handedness, presenting circular dichroism resonances in the visible range. The sample consists of an array of 2D chiral gold nanostructures on a glass substrate in the form of gammadia, which present a strong chiral response in the visible range due to the presence of plasmonic resonances. 25, 26 These structures are convenient to test circular dichroism measurements because their four-fold symmetry (C 4 ) implies that the linear dichroism ideally vanishes, provided the axis of rotational symmetry is oriented along the optical axis (as is the case presented here). Additionally, they can be easily fabricated in (2D) right-and left-handed versions. Note again that the design is based on the two-dimensional chiral character of the gammadia and that several effects can contribute to the circular dichroism signal, as discussed above. 12, 27 As an extra check, we also fabricated achiral structures with a similar shape.
We name our structures based on the geometrical properties: we call a gammadion "right-handed" if its arms point clockwise and "left-handed" if they point counterclockwise, when we look at them from the top, which is Figure 2 . Photothermal circular dichroism setup. Implementation of the PT CD microscope using a 532 nm wide-field heating beam and a tightly focused probe beam at 780 nm. The polarization modulation is achieved using an electro-optical modulator (EOM), leading to an alternatingly vertical and horizontal linear polarization state (the EOM acts as a zero and half-wave plate at 45°with respect to the incoming polarization). A quarter-wave plate (λ/4) transforms these states into LCP and RCP light. The removable polarizer is added to achieve intensity modulation, i.e., conventional photothermal imaging. The wide-field lens focuses the heating beam in the back-focal plane of the objective to obtain wide-field illumination of the sample. The probe beam from a Ti:sapphire laser is combined with the heating beam using a 50/50 beamsplitter tilted by a small angle (5°). To efficiently detect the backscattered light at the probe wavelength, a "cat-eye reflector" configuration was implemented. 19 The detector is a fast photodiode with variable amplification. A long-pass filter (750LP) prevents direct detection of the heating beam. The generated signal is filtered by the lock-in amplifier set to the modulation frequency f m created in the function generator and amplified to feed the EOM.
Letter defined such that the structures sit on top of the glass substrate. In Figure 3 , we show a scheme of the structures on the glass substrate, seen from the air side (above). This is a perspective view from the same side as used for the scanning electron microscopy (SEM) images (see Figure 4a ,b), but note that in the optical measurements, we illuminate the structures from the bottom (from the glass substrate). For the wavelengths and structures used in this experiment, the lefthanded enantiomer leads to a positive CD signal, as shown in Figure 1 . (It is also important to note the convention used to define our polarization state. We follow the convention used by Jackson, 28 where an observer facing the incoming plane wave with left circularly polarized state sees a counterclockwise rotation. This corresponds to the tip of the electric field vector tracing out a left-handed helix (positive helicity).)
We fabricated an array of alternating right-handed, achiral, and left-handed structures, as shown in the SEM images in Figure 4a ,b. In the Supporting Information, we provide more details about the geometrical design of each type of structure and their locations in the array. With this array, we can measure the three types of structures in the same optical image and thus in the same experimental conditions. We embedded the structures in toluene to have a strong photothermal response (thanks to the high thermorefractive coefficient of toluene). Figure 4c ,d shows conventional photothermal images of the whole array of structures under intensity modulation of the heating beam (c) and a higher-resolution image of the bottom right part of the array (d). The signal in these images is normalized to both the heating and pump intensities, deduced from powers and beam areas (A h ∼ 78 μm 2 and A p ∼ 0.196 μm 2 , respectively), to allow for comparison of images recorded under different conditions. Photothermal images taken with circularly polarized light show different intensities from different structures due to the two different absorption cross sections of the three type of structures, chiral (right-or lefthanded) or achiral, at the heating wavelength of 532 nm. Figure 4e ,f depicts the photothermal circular dichroism images of the same areas as (c) and (d), where we clearly observe contrast for the right-and left-handed structures, with opposite signs, and hardly any signal from the achiral structures, demonstrating the desired enantioselectivity of the technique. We note that the signal-to-noise ratio (SNR) for the PT CD images is excellent, on the order of 40 with only 30 ms integration time in the lock-in amplifier and with moderate intensities used for imaging. For example, when we take the signal of the top left structure of Figure 4f and we average the pixels corresponding to the size of the point-spread function, we obtain a signal S stru = −(1.53 ± 0.01) × 10 −2 mV mW −2 , whereas the standard deviation with the same number of pixels outside any structure gives N = (3.8 ± 0.1) × 10 −4 mV mW −2 , so the signal-to-noise ratio for this specific structure is S stru /N = SNR ∼ 45. We note that the value for the noise mentioned above is similar to the value we measured when we turned off the heating laser and performed an image only with the probe laser. This is a significant improvement in sensitivity for detecting circular dichroism of individual chiral nanostructures with respect to the extinction-based detection schemes, in which a SNR ∼ 10 is typically obtained when using a 1 s integration time on the resonance of similar gold nanostructures. 26 (e,f) Photothermal circular dichroism images of the areas in (a) and (b), respectively. We also normalized the images using the heating and probe powers. These images show a clear change of sign in the signal, following the chirality of the nanostructures. As expected, the nominally achiral structures show nearly zero signal. Note that the optical and SEM images cannot be overlapped because they are observed from different sides of the interface.
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It is important to note that the imaging conditions for this sample are not optimized. First, the heating beam at 532 nm is not in resonance with the strongest CD resonance of the structure in the visible range, located at ∼700 nm according to our numerical simulations. Second, due to the non-negligible absorption at that wavelength, the probe laser intensity at 780 nm had to be kept low (I p = 0.76 mW/μm 2 ) to avoid boiling the surrounding liquid and reshaping of the structures at still higher powers. For the numerically calculated absorption spectra and g-factor, please refer to the Supporting Information.
The photothermal circular dichroism images in Figure 4e ,f are proportional to the numerator of the dissymmetry factor g (defined in eq 2), whereas the photothermal images (c) and (d) are proportional to σ L as we used an intensity-modulated heating beam with left circular polarization to take those photothermal images. Thus, we can use the signals from these images to calculate g for every structure fabricated. For this, we averaged the signal from 3 × 3 pixels centered at the maximum signal of each bright spot on Figure 4c ,e. As we have correlated optical and geometrical information on our structures, we can distinguish structures with the same handedness, right-handed, left-handed, and achiral (the top right, top left, and top center structure in Figure 4b , respectively), and analyze their PT CD signals. Figure 5a shows the results for the g factor of the 81 structures in the array correlated with their respective photothermal signals, using different colors and symbols for the three groups. We observe a clear separation of these groups according to their signals: we obtain positive values for lefthanded structures (violet squares), negative values for the right-handed structures (green triangles), and values close to zero for most achiral structures (black dots). Every structure may have its particular fabrication imperfections which give rise to the observed distribution of g factors, in addition to, but without clear correlation with, the size and shape variations responsible for the dispersion in photothermal signals. The histograms for g factors are shown on Figure 5b . The mean values of these distributions correspond to g L = (3.9 ± 0.2) × 10 −2 , g a = (3 ± 3) × 10 −3 , and g R = −(3.3 ± 0.2) × 10 −2 for left, right, and achiral structures, respectively. Despite the fabrication fluctuations, the obtained mean values for the distributions are as expected from the handedness of the structures. Moreover, they are in agreement within a factor of 2 with the values obtained using numerical simulations for the ideal gammadia, which give g L ∼ 0.061 at 532 nm for the lefthanded structure. The Supporting Information provides the full spectra and more details on the numerical simulations. The difference between simulated and measured data may be attributed to fabrication imperfections of the structures.
In addition to measuring circular dichroism, we can easily modify our experimental setup to measure linear dichroism (LD) in any desired frame of two orthogonal axes. It suffices to exchange the quarter-wave plate for a half-wave plate to rotate the vertical and horizontal polarization states after the electrooptical modulator to the desired axis. We call this photothermal linear dichroism (PT LD).
It is well-known that LD is usually much stronger than CD. We thus performed a set of LD measurements on the same gammadia shown in Figure 4b in two different directions: 0, 90°(modulation V−H, i.e., without any waveplate after the EOM) and 45, 135°. Although both signals should vanish for perfect gammadia, we observed nonzero LD. We attribute this LD to the imperfections in the nanofabrication. For the detailed experimental results, refer to the Supporting Information.
As a next step, we prepared a sample with nanospheres of 100 nm diameter dispersed on a glass substrate, and again we immersed this sample in toluene. Figure 6a shows a photothermal image, and Figure 6b shows the corresponding photothermal circular dichroism image. In this case, as the plasmonic resonance of the spheres is around 550 nm, the imaging conditions are close to optimal: we used a high intensity of the heating beam (heating power P h = 16 mW) that is efficiently absorbed, and at the same time, we increased the probe intensity to I p = 5000 kW/cm 2 . Because of the low absorption of the nanospheres at 780 nm, this larger probe intensity did not lead to significant heating. The calculated temperature increase at the probe power is 16 K. Therefore, we were more sensitive to chirality in these experimental conditions than in the experiments on gammadia.
We observe that many particles show a dim signal, close to zero, as expected for achiral structures such as spheres. However, some particles show a strong signal, either positive Figure 5 . Chirality-sensitive signal analysis. (a) Dissymmetry factor g vs photothermal signal for the 81 nanostructures, separated by groups according to the handedness. The insets show the corresponding handedness for each group. We observe that the data for each group are clustered together and present some dispersion, presumably due to fabrication imperfections. (b) Histograms of g for the three types of structures. We can clearly see different distributions, showing our ability to distinguish chiral and nonchiral structures. The mean g factor for each group of nanostructures is shown in the figure as dashed horizontal lines. We assign the width of these distributions mainly to fabrication imperfections. 
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Letter or negative (see two examples in Figure 6b ). We also performed high-angle annular dark-field scanning transmission electron microscopy imaging of gold nanospheres to obtain information about morphology and the crystalline structure of the particles. We found that some particles show defects in their crystalline structure and are nonspherical in shape (see Supporting Information for the images and more details). We therefore assign the chirality signals to the nonspherical shape and defects of nanospheres. We cannot assign the strong chirality signals to residual aggregates of nanospheres, as the photothermal signals of all particles are very uniform, indicating single nanospheres of very similar dimensions and ruling out dimers or higher aggregates. A correlation plot of photothermal signals and g factors and the histograms of photothermal signals and g factors for many single gold nanospheres are shown in the Supporting Information ( Figure  S8) .
To further test the influence of linear dichroism in the sample on our PT CD signal, we measure both PT CD and PT LD on the sample of gold nanospheres. We observed a LD signal approximately 10 times bigger than the CD signal, with no clear correlation showing that the cross talk of LD into our signal is smaller than 10%. More details about this set of measurements can be found in the Supporting Information.
In summary, we presented an optical method, photothermal circular dichroism, that enables us to measure the chirality of absorbing nanostructures with unprecedented signal-to-noise ratio. We experimentally showed the enantioselective character of the signal by imaging right-and left-handed plasmonic structures with quantifying dissymmetry factors, g ∼ 0.04, measured with a signal-to-noise ratio of up to 40. From estimated errors in the factors measured, we believe we could measure dissymmetry factors as small as g min = 0.004, which approaches the orders of magnitude needed to study biological molecules in small quantities.
Photothermal circular dichroism extends the capabilities of circular dichroism due to the increased sensitivity, extending the applications of the technique to smaller quantities of analytes or shorter experiment times. Our results demonstrate several advantages of photothermal circular dichroism. First, as our detection scheme relies on measuring the local temperature increase of the nanostructure under study due to the absorption of heating photons of a controlled polarization, the polarization state of the probe light scattered by the thermal lens is irrelevant. We only need to control the polarization state of the heating beam carefully. This is in contrast to the extinction 26 or scattering-based 29, 30 detection of circular dichroism, where the polarization state of the complete beam path has to be carefully controlled. Second, as we are imaging with a photothermal-based technique, our signal can be optimized as reported earlier for photothermal signals. 19 With available tunable laser sources for the heating beam, photothermal circular dichroism can also be extended to circular dichroism spectroscopy.
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